T he onset of puberty is first detected as an increase in the amplitude and frequency of pulses of gonadotropin-releasing hormone (GnRH) after a quiescent period during childhood. The reemergence of pulsatile GnRH secretion leads to increases in the secretion of the gonadotropins, luteinizing hormone and follicle-stimulating hormone (FSH), by the pituitary gland and the consequent activation of gonadal function. 1 Early activation of the hypothalamic-pituitary-gonadal axis results in gonadotropin-dependent precocious puberty, also known as central precocious puberty, which is clinically defined by the development of secondary sexual characteristics before the age of 8 years in girls and 9 years in boys. Pubertal timing is influenced by complex interactions among genetic, nutritional, environmental, and socioeconomic factors. 2, 3 The timing of puberty is associated with risks of subsequent disease; earlier age of menarche in girls is associated with increased risks of breast cancer, endometrial cancer, obesity, type 2 diabetes, and cardiovascular disease. 4 Central precocious puberty has also been associated with an increased incidence of conduct and behavior disorders during adolescence. 5 Compelling evidence of the influence of genetic factors on pubertal timing has been provided by population studies. 6 The role of genetic factors is also illustrated by the similar age at menarche in mothers and daughters and among members of an ethnic group and by a greater concordance of pubertal timing in monozygotic than in dizygotic twins. [7] [8] [9] Familial segregation analysis has shown that 27.5% of cases of central precocious puberty are familial and suggests autosomal dominant transmission with incomplete sex-dependent penetrance. 10 Despite the data suggesting that age at the onset of pubertal development is primarily driven by genetic factors, the genetic determinants of the timing of human pubertal development and, in particular, central precocious puberty are largely unknown.
Extensive efforts have been made to elucidate the mechanisms that reactivate pulsatile GnRH secretion at the time of puberty. In the past decade, several genes have been identified in the complex network of inhibitory, stimulatory, and permissive neuroendocrine factors involved in the control of puberty onset. Studies in rodents and primates have shown that an enhancement of excitatory inputs and a reduction in inhibitory factors contribute to GnRH secretion and the initiation of puberty. 1, 11 On the basis of this knowledge, several studies in humans have used a candidate-gene approach in an attempt to detect genes associated with pubertal disorders. However, although an increasing number of genes have been implicated in congenital isolated hypogonadotropic hypogonadism and the Kallmann syndrome, 12,13 only a few, rare molecular defects have been identified in patients with central precocious puberty, and no strong association has been proved. [14] [15] [16] [17] [18] Only two mutations -one mutation in the gene encoding kisspeptin-1 (KISS1) and one in the gene encoding its receptor (KISS1R) -have been associated with central precocious puberty, despite screening of a relatively large cohort of patients for mutations in these genes, indicating that isolated mutations in KISS1 and KISS1R genes are uncommon causes of central precocious puberty. 19, 20 We therefore sought to identify genetic causes of central precocious puberty by performing an exome sequence analysis in 15 families with central precocious puberty.
Me thods

Patients
We selected for our study 15 probands with central precocious puberty and their affected and unaffected family members ( Fig. 1; and Fig. S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org). Wholeexome sequencing was performed for 40 members of these families, 32 with central precocious puberty (27 females and 5 males) and 8 with normal pubertal timing (5 females and 3 males). Central precocious puberty was diagnosed on the basis of clinical signs of progressive pubertal development before the age of 8 years in girls and 9 years in boys; pubertal basal luteinizing hormone levels, GnRH-stimulated luteinizing hormone levels, or both; advanced bone age (determined with the use of the Greulich and Pyle method 21 ), and normal results on magnetic resonance imaging of the central nervous system (Table 1, and Table S1 in the Supplementary Appendix). The ancestries of the families with MKRN3 defects were established by means of verbal report to clinical investigators ( Table 1 ). The protocol was approved by the ethics committee of Sao Paulo University. Written informed consent was obtained from all participants. The last two authors vouch for the accuracy and completeness of the data and the fidelity of the study to the protocol.
Hormone Assays
Serum levels of luteinizing hormone, FSH, testosterone, and estradiol were determined with the use of immunochemiluminometric assays. 22 The interassay coefficient of variation was 5% or less for all assays.
During the GnRH stimulation test, serum levels of luteinizing hormone and FSH were measured 15 minutes before the intravenous administration of 100 μg of GnRH, at the time of administration, and 15, 30, 45, and 60 minutes after administration. In both sexes, basal luteinizing hormone levels higher than 0.15 U per liter were considered to be pubertal levels, and peak GnRH-stimulated luteinizing hormone levels higher than 5.0 U per liter were considered to be pubertal responses. 22 Basal estradiol levels higher than 15 pg per milliliter and basal testosterone levels higher than 12 ng per deciliter were considered to be pubertal levels.
Genetic Analysis
Genomic DNA was extracted from peripheralblood leukocytes. Whole-exome sequencing was performed for selected patients (at the Broad Institute), as previously described 23 (see the Supplementary Appendix for details). We confirmed the identification of variants in the coding region of MKRN3 with the use of polymerase-chain-reaction (PCR) amplification followed by sequencing of the products with the use of the conventional Sanger method. For comparisons of the prevalence of truncating variants in the families and Squares indicate male family members, circles female family members, black symbols clinically affected family members, symbols with black circles asymptomatic carriers, symbols with an X deceased family members, symbols with a question mark family members whose phenotype is unknown, and arrows the proband in each family. The MKRN3 genotype is shown for family members whose DNA was available for genetic studies. A star indicates that the patient was screened by means of Sanger sequencing only. NM denotes nonmutated. 
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Sequence Analysis
Whole-exome sequencing performed in 40 members of 15 families with central precocious puberty identified 304,930 variants. Rigorous criteria were used to filter the variants and identify the mutations likely to be causative of the phenotype for central precocious puberty. We first analyzed exome-sequence data from a total of 15 members of the 3 largest families with pedigrees that were consistent with a dominant mode of inheritance (i.e., those families having affected members in multiple generations). Among the persons who underwent exome sequencing, we identified heterozygous nonsynonymous variants that were present in affected family members and absent in unaffected family members. Given the dominant inheritance pattern and rarity of presentation of familial precocious puberty, we excluded all variants with a minor allele frequency of more than 0.01% in either the 1000 Genomes database 25 or the exome variant server. 26 In addition, we excluded all putative variants that were also present in 50 of the 1000 Fig. 1 and 2) . We then examined exome data from the additional 25 members of the other 12 families in the study and found another novel frameshift mutation in MKRN3 (p.Ala162Glyfs*14) in Families D and E. A novel missense variant (p.Arg365Ser) was identified in Family C ( Fig. 1 and 2 ). This missense variant is predicted to be "probably damaging" (likely to disrupt protein function) on the basis of a Polymorphism Phenotyping, version 2 (PolyPhen2), score of 1.0 and a Protein Analysis through Evolutionary Relationship (PANTHER) score of 0.95 for the probability of being deleterious. (The range for both scores is 0 to 1.0, with 0 indicating that a change is predicted to be neutral and 1.0 indicating that it is most likely to be deleterious.) We confirmed all variants with the use of Sanger sequencing and tested for cosegregation between the variant and central precocious puberty in an additional 8 members from Families A through E who did not undergo exome sequencing. MKRN3 is an imprinted gene that is expressed only from the paternal allele. 27 All affected family members inherited their mutations from their fathers, indicating perfect segregation in accordance with the imprinted mode of inheritance. The one heterozygous carrier known to have inherited his mutation from his mother (Patient II-1 in Family A) was unaffected, as expected. The remaining 10 families did not have any detectable rare coding variants in MKRN3. The prevalence of truncating variants (4 variants, 3 of which were unique, in 15 families) is much greater than that seen in population-based databases (5 variants, 4 unique, in approximately 6500 persons in the exome variant server) (P<5.0×10 −8 for the prevalence of all variants, and P<2.6×10 −6 for the prevalence of unique variants). Furthermore, the segregation with precocious puberty in the precise manner predicted for this imprinted gene provides additional strong and independent evidence that the MKRN3 frameshift mutations identified lead to precocious puberty in these families.
Genotype-Phenotype Correlation
In total, we identified 15 patients (8 female patients and 7 male patients) with central precocious puberty who carried mutations in MKRN3 that are predicted to be loss-of-function or damaging mutations. Each of these patients had clinical and hormonal features that are typical of premature activation of the reproductive axis, including early pubertal signs, such as breast development or testicular enlargement and pubic hair, advanced linear growth and bone age, and elevated basal luteinizing hormone levels, elevated GnRH-stimulated luteinizing hormone levels, or both. The median age at the onset of puberty in the girls was 5.75 years, ranging from 5.0 to 6.5 years (Table 1 ). In boys with mutations in MKRN3, the median age at the onset of puberty was 8.1 years, ranging from 5.9 to 8.5 years ( Table 1 ). The precise time of onset of puberty was not clear in two boys, but clinical and laboratory assessment confirmed the diagnosis of central precocious puberty. The proband in Family A and her brother (Patients III-1 and III-2 in Fig. 1 ) have esotropia, which is a minor diagnostic criterion for the Prader-Willi syndrome. 28 The boy also has a renal cyst. Neither child has any other features of the syndrome, nor do any of the other affected patients. Additional details are available in the Supplementary Appendix.
Mkrn3 mrNA Levels in the Murine Arcuate Nucleus
The hypothalamic arcuate nucleus is the site of expression of several genes known to be important for puberty, including Kiss1 and Tac2. 29, 30 To assess Mkrn3 mRNA levels in the arcuate nucleus of mice, we performed quantitative real-time PCR (Fig. 3) . In both male and female mice, Mkrn3 mRNA levels were highest on postnatal days 10 and 12, began to decline on day 15, and reached a nadir by days 18 to 22, at which time Mkrn3 expression was 10 to 20% of the levels detected at 10 days. The timing of the decline in Mkrn3 expression correlated with the ages at which arcuate Kiss1 and Tac2 expression have been shown to increase, heralding the onset of puberty. 24, 31 The expression of Mkrn3 remained low through day 45, the oldest age at which the mice were tested (Fig. 3) .
Discussion
How puberty is initiated is an enigma that still captivates scientists. Many of the recent advances in our understanding of the mechanisms involved in reactivation of the hypothalamic-pituitary-gonadal, or reproductive, axis at puberty have been based on the characterization of genetic mutations associated with reproductive disorders in humans. The majority of the mutations to date were identified in patients with isolated hypogonadotropic hypogonadism, a disorder that is much less common than central precocious puberty. 32, 33 Genomewide association studies have identified multiple loci associated with pubertal timing, 4 but aside from LIN28B (a heterochronic regulator of developmental timing), 34 it has been difficult to implicate specific novel genes within these associated loci. Despite numerous efforts to identify genes associated with the premature activation of puberty, only two rare mutations in candidate genes have been identified in patients with central precocious puberty. 19, 20 To our knowledge, no strong evidence for additional causal mutations has been presented.
In our analysis of whole-exome-sequencing data in 40 members of 15 families with central precocious puberty, we identified a single gene, MKRN3, encoding the makorin RING-finger protein 3, with variants predicted to be deleterious in 5 families. MKRN3 is an intronless gene located on chromosome 15q11.2, in the PraderWilli syndrome critical region. 35 This gene is maternally imprinted, and only the paternal allele is expressed. 35 The makorin protein family is distinguished by a characteristic combination of zinc-finger motifs; these proteins include two or three copies of a C3H motif in the N-terminal, followed by a novel Cys-His configuration, a C3HC4 RING zinc finger, and a final C3H motif. 36 C3H zinc-finger motifs have been implicated in RNA binding, whereas the RING zincfinger motif is found in most E3 ubiquitin ligases and is responsible for ubiquitin-ligase activity. 37 The widespread species conservation of the makorin protein family suggests that it plays one or more vital roles in cells, with high levels of expression in the developing nervous system. 36 MKRN3, on the other hand, is conserved only in therian mammals, and its precise function has not yet been determined. 37 The deletion of chromosome 15q11-q13, which encompasses MKRN3, contributes to the Prader-Willi syndrome, but it is not yet known which specific genes in this region are related to the syndrome. 38 Analyses of balanced translocations in patients with the Prader-Willi syndrome have implicated the SNURF-SNRPN locus, which is telomeric to MKRN3. One report described 2 patients with all the features of the PraderWilli syndrome who did not have a deletion of MKRN3, suggesting that MKRN3 deletion is not necessary to cause the syndrome. 38 This report also described a patient with a paternal deletion of MKRN3, MAGEL2, and NDN who had only a few features of the Prader-Willi syndrome: obesity, developmental delay, and a high pain threshold. This patient also had signs of puberty at the age of 7 years 6 months, with advanced bone age. The patient received a diagnosis of central precocious puberty, which was supported by her response to treatment with triptorelin. 38 Given our data, the deletion of MKRN3 is probably the cause of early puberty in this patient. 38 It is uncertain whether the obesity, developmental delay, and high pain threshold in this patient were attributable to the MKRN3 deletion. We have detailed clinical and hormonal data from 12 of the 15 persons with loss-of-function mutations in MKRN3. In this series of 12 patients, 2 had esotropia, which is a minor diagnostic criterion for the Prader-Willi syndrome. 28 Other features of the syndrome were not reported. The esotropia can- not be definitively attributed to MKRN3 deletion, because esotropia can be present in up to 5% of the population. 39 Three of the four mutations identified in MKRN3 in our series were frameshift mutations resulting in premature stop codons, whereas the fourth, a missense variant (p.Arg365Ser), is predicted to interfere with protein function (Fig. 2) . The arginine at position 365 is located in the C3HC4 RING domain responsible for the ubiquitin ligase activity and is evolutionarily highly conserved (Fig. 2) . Definitive confirmation that this missense variant causes loss of function awaits the availability of a functional assay. Although the function of MKRN3 is not well understood, and the mechanism by which MKRN3 mutations result in early activation of the central reproductive axis are not yet known, our genetic data are sufficiently compelling and statistically strong to invoke a causative role for MKRN3 in central precocious puberty.
The inheritance pattern in the affected families is consistent with the expression of MKRN3 from the paternally inherited allele only. For example, Patient II-1 in Family A inherited the mutant MKRN3 allele from his mother; because this allele was silenced, he did not have the central precocious puberty phenotype. Patients II-1 in Families C, D, and E were apparently asymptomatic heterozygous carriers of deleterious MKRN3 mutations, but since we were unable to obtain reliable pubertal histories or DNA from their parents, the parental source of their mutations is unknown. Of the 15 patients with central precocious puberty and MKRN3 mutations, 7 were male; this nearly equal sex distribution contrasts with the striking predominance of central precocious puberty in girls that has been reported previously. 10 The similar incidence of central precocious puberty in association with MKRN3 mutations in the two sexes in the affected families is consistent with the autosomal pattern of inheritance. In contrast, in the 10 families without mutations in MKRN3, all affected members were female, an incidence that is similar to that reported previously 10 ( Fig. S1 and Table S1 in the Supplementary Appendix). Screening for mutations of MKRN3 in sporadic cases of central precocious puberty, which affects primarily girls, will add information about the role of this gene in pubertal timing. The identification of mutations in MKRN3 in families of diverse ancestry shows that the effects of MKRN3 mutations in central precocious puberty are generalizable and are not restricted to a specific ethnic group. It is possible that Families D and E are distantly related; we have neither confirmed nor excluded this possibility.
MKRN3 is associated with protein ubiquitination, in which a ubiquitin moiety is attached to a protein, thus tagging it for movement to the proteasome, where it is degraded. Ubiquitination can also be an indicator for signal transduction, cell-cycle regulation, differentiation and morphogenesis, and other nonproteolytic fates. The precise mechanism by which the deletion of MKRN3 leads to the early reactivation of pulsatile GnRH secretion remains to be elucidated. We found increased levels of Mkrn3 mRNA at young ages in the arcuate nucleus of male and female mice, with a striking reduction in levels immediately before puberty and low levels in adulthood (Fig. 3) . The arcuate nucleus is considered to play a key role in puberty control in mice, 29 and the pattern of Mkrn3 mRNA expression correlates with an inhibitory effect on the initiation of puberty in these animals. These data are in agreement with the identification of a loss-of-function mutation in patients with central precocious puberty, corroborating the view that the mutation has an inhibitory effect on the secretion of GnRH. The initiation of puberty is thought to result from a decrease in factors that inhibit the release of GnRH combined with an increase in stimulatory factors. Studies of hypogonadotropic hypogonadism have led to the identification of genes encoding factors that have stimulatory input. 12, 13 In contrast, MKRN3 seems to have an inhibitory role in humans.
